Abstr a ct. Existin g engineerin g materi als allow the constucti on of towers to heig hts of many ki lo meters. Orbital launch from a hi gh altitude has signifi cant adva ntages over sea-level launch due to the reduced atmospheri c pressure, resulting in lower atmospheric drag on the vehi cle and all owin g hi g her rocket eng ine performance. Hi gh-altitude lau nch sites are particularl y advantageous for sin g le-stage to o rbit (SSTO) vehi cles, where the payload is typ icall y 2% of the initial launch mass. An ea rlier paper enum erated so me of the advantages of hi g h altitude launch of SSTO vehicles. In this paper, we calcul ate laun ch trajectories for a candidate SSTO vehic le, and calculate the advantage of launch at launch a ltitudes 5 to 25 ki lometer altitudes above sea level. The performance increase ca n be directly tra nslated into increased pay load capability to orbi t, ranging from 5 to 20% increase in the mass to orbil. For a ca ndidate vehicle with an ini tial payload fract ion of 2% of g ross lift-off weight, this co rresponds to 31 % increase in payload (for 5-km launch altitude) to 122% add iti onal payload (for 25-km launch alti tude) .
INTRODUCTION
Existi ng human-build structures have heights s li ghtly less than one ki lometer, however, this he ight is not limited by materials or co nstruction tec hn ology , but rather is li mited by the lack of a co mpe ll ing app licatio n for hi g her towe rs. Towers of height fifteen to twenty-five ki lometers could be easi ly built using present-day material s. Use of s uch towers could have great advantages as the launch site of a si ng le stage to robit vehicl e.
As an exa mple, table I s hows the minim um mass required for a tower sized to hold its ow n weight plus that of a 2000 -ton payload at the top of the tower. If the tower material is co nstructed from a sta nda rd co nstru ction mate ri al, cast steel, the minimum tower mass is approximately two and a half times the weight of the pay load at the top. To avo id structural co llapse, if made from steel , such a tower wou ld have to be tapered slightly (area taper rati o 2.6: I) f rom the bottom to top. If a more advanced material with a higher strenght to weight rati o is used , graphite/e poxy composite, the tower is much lower in weight. In th is case the required tower mass is onl y 14% of the mass of the supported pay load, a nd no taper is needed. Even more advanced materials a ll ow a lower mass yet to be employed . Although these sim p lified ca lcul ated masses do not inc lu de nonstr uctura l bea ms and req ui red aux il iary co mponents, such as (fo r example) elevators required to lift the vehic le to th e top of the tower, cab les for bracing, and activedamping co ntro l structure for miti gating vibration and wind loads, they serve as a sa nity chec k to show that towers cons iderably higher than those presently co nstr ucted are, in fact, not prohibited by the basic phys ics of materia ls.
For extremely high towers , the structure wo ul d likely be co nstructed as a "fractal truss," where the in divid ual bea ms of a truss are each themselves a truss member, and so fort h. A n example of such a multi-level truss str uctu re is show n in figure 1. In addition to the truss structure, an extreme a ltitude tower may a lso inc lude wire bracing . Wire braci ng may also be used for so me of the active control to stabi lize latera l loading.
As discussed by Landis (1998) , use of the top of such a tower as the launch s ite of a rocket would have a long li st of advantages. Single stage to orbi t (SSTO) vehicles are parti cularly sensitive to small improvements in launch conditions because of the low payload fraction. Landis (1998) estimated tha t the payload of a single stage to orbit vehicle could improve by approxi mately 60% if the vehi cle was launched fro m fifteen kilometers altitude, instead of launching at sea level. This is a p reprint or reprint of a paper intended for presentation at a conference. Because changes may be made before formal publication , this is made available with the understanding that it will not be cited or reproduced without the permission of the author. The improvement in performance is primarily due to lower air density. By starting at a lower atmospheric pressure, the vehicle has severa l design advantages that result in a reduced delta-V required to reach orbit. As well as the reduced drag, the aerodynamic advantages include:
1. Reduced atmospheric drag loss 2. Vehicle can be designed with less attention to aerodynamics. 3. More optimum trajectory curves from vertica l toward horizontal earlier in flight 4. Maxi mum aerodynami c stress ("Max-Q ") occu rs at a much lower pressure; lower aerodynamic stress 5. Aerodynamic vibrations lower; allows less ro bust (lighter) payload 6. Wi nd loads on vehicle in fl ight much lower 7. Acoustic loads much lower 8. Cryogeni c storage easier (lower conduction and convective heating) 9. Aero-shroud jettison (for vehicles which jettison non-essential parts) can occur earli er in the trajectory Figure 2 shows the atmospheric pressure in MPa (equiva lent to percentage of one atm osphere) plotted as a function of the launch altitude. Plotted on the same graph is the delta-V required to reach orb it, where the lower aerodynamic drag have been expressed in the form of the requi red delta-V to reach orb it. As can be seen from the figure, the velocity increment needed for launchi ng to orbit decreases directly as a fu nctio n of the ini tial a ltitude, and the atmospheric pressure.
In addition, the lower atmospheric pressure means that the rocket operates in an environment which is closer to vacuum . D ata o n en gine p erformance improvem e nt with th e ch ang e from nea r sea-level to near-vacuwn condition s has been tabul a te d b y Isakowi tz, Hopkins, and Hopk ins (1999) . For example, the Rocketdyne Atlas MA-S sustainer engines produce a specific impul se 309 sec operating in vacuum ; whil e the M A-SA booster (essenti ally the same eng in e with a nozzle reoptimi zed for low-a ltitud e operati on) prod uces a spec if ic impul se of 253 seco nds at sea level. High altitude operation res ults in a 22.1 % increase in perfo rmance. The increased engi ne performance can be separated into several components:
I. Higher rocket engine perfo rmance at launch due to lower pressure 2. Higher expansion ratio possible 3. Less design compro mise needed for operati ng engi ne at variable pressure. 4. Lower chamber pressure required to achi eve high performance O ne of the res ul ts of the calcul ations seen here was that the improvement in engi ne perfo rmance in fact is a significantly Jarger contribu tion to the performance improvement than the reduction in atmospheric drag.
In this paper, a trajectory simul ation is used to numerically calculate the perfOlmance of a candidate SSTO vehicle as a fu nction of the launch altitude.
Fina lly, launching fro m an altitude above the weather means no design comp romi ses are needed for weather. T hese vehicle design adva ntages are not included in the performance calculations discussed here:
1. Fewer delays for weather 2. Above lightning hazard 3. Lower buffeting due to weather and reduced wi nd shear means a less robust design needed
APPROACH
In o rder to eva luate the real benefits of the launch site altitu de on rocket perform ance, a numerica l trajectory si mulation program was written to compute the fi nal mass as a fu nction of the launch a ltitud e for a si ngle stage to orb it vehicle. The simulation program has been written in Fortran 77, and fo llows the approach of Sulli van ( 1990) and Bromley (1998) . The launch was assumed to be fro m a poi nt located on the earth equator, and the fin al orbi t is circular at an altitude of200 km (125 miles) Table 2 shows the assumed vehicle parameters
In order to compute the aerodynamic forces , it is necessary to know the coefficients of aerodynamic norma l and axial fo rce. These coeffi cients are fu nction of both Mach number and ang le of attack . Aerodynami c fo rces were computed using a set of equations interpolated from the aerodynamic charac teristics quoted by Sutton (2001 ) .
The engine performance varies as a function of extell1al pressure. The performance was calcu lated at each point in the trajectory, and the average specific impulse (Isp) was then calcu lated by dividing the total impulse produced over the flight by the total fuel conswned. r-.. Figure 2 shows the atmospheric pressure in MPa (equivalent to percentage of one atmosphere) plotted as a function of the launch altitude. Plotted on the same graph is the delta-V requi red to reach orbit, including the velocity lost due to atmospheric drag. As can be seen from the fig ure, the velocity increment needed for launching to orbit decreases di rectly as a function of the initial launch site altitude, and the atmospheric pressure. Figure 3 shows the results of the trajectory simulation . The total propellant mass is plotted as a fraction of the initial mass ("Gross Lift-off Mass") . The required propellant loading for the exampl e SSTO vehicle decreases with altitude fro m 87 .5% of the gross lift-off mass, down to slightly over 85 % of the gross lift-off mass for a launch altitude of 25 km above sea level.
RESULTS
Since for the candidate SSTO the payload is typically on the order of 2% of the gross lift-off mass, thi s decrease in required fuel mass potentiall y represents a large increase in payload. The performance increase ca n be directly translated into increased payload capability to orbit. The results show that the mass to orbit increase ranges fro m 5% increase in mass to orbit for a 5-kilometer launch altitude, to a 19.68% increase in the mass to orbit for a 25-km launch altitude. For a candidate vehicle with an initial payload fraction of 2% of gross lift-off weight, thi s corresponds to 31 % increase in payload (for 5 km launch altitude) to 122% additional payload (for 25 km launch altitude) . Since 5 kilometers is an altitude achievab le at the summ it of many terrestrial mountains, a mountain launch represents a potential alternative to a tower, with lower performance than a higher tower, but still noticible gain . (It should be noted , however, that at 5 km the launch site is not above the reaches of the weather.) Table 3 breaks down the improvement in performance into two components. The effect of decreased drag due to lower atmospheric pressure is seen as a decrease in the delta-V required to reach orbit. The improvement in the specific impulse of the engine is averaged over the flight, and expressed as the improved Isp. As can be seen, the majority of the performance improvement is due to the increased specific impulse achieved by operating the rocket engines at a lower ambient pressure. 
CONCLUSIONS
Towers of height fifteen to twenty-five kilometers could be easi ly bui lt us ing present-day materia ls. Launch from the top of such a tower wo uld have a lo ng list of advantages. The improvement is primarily due to lower air density.
The results of the trajectory simulation show that the required propellant loading for a candid ate SSTO vehicle decreases as launch altitude is increased,. The propellant launch fraction is 87.5 % of the gross lift-off mass for a sea-level launch, and decreases to slightly over 85% of the gross lift-off mass for a launch altitude of 25 km above sea level. Since for the candidate SSTO the payload is typically on the order of 2% of the gross lift-off mass, this decrease in required fuel mass can result in over a factor of two increase of payload mass. Even a five ki lometer launch altitude, equi valent to launching from the top of a moderate terrestrial mountain, would result in a significant improvement in payload.
It is very like ly that other advantages of tower launching w hi ch were not ana lyzed could co ntribute significa ntl y larger increases in payload , as well as operational simp li city. For examp le, the possible benefits of not having to compromise the design to deal with aerody na mi c loads at sea-level could be far more significant than the performance ga ins analyzed . Such a tower launch wou ld also be adva ntageous for advanced launch technologies , such as mass-driver, laser, microwave, or ram-accelerator launch.
Higher towers have also been proposed ; for example, Landi s and Cafarelli (1995) exami ned the use of towers of up to 2250-km altitude, extending well outside the Earth's atmosphere, and concluded that they mi ght be feasible with adva nced materials . Such a tower could be one component of a geosynch ro nous tower, or "space elevator." A 15km tower could be a technology demonstration and a stepping-sto ne to more ambitious tower systems.
